Imprinted genes are differentially methylated during gametogenesis to allow parent-of-origin-specific monoallelic expression. We previously demonstrated establishment of normal imprinting at four key imprinted genes in mouse metaphase II oocytes after in vitro follicle culture. Commercially available culture media feature a wide range of methyl donor levels. The aim of the present study was to examine the effect of low methyl donor (methionine, vitamin B 12 , folic acid, choline, and vitamin B 6 ) levels during follicle culture on acquisition of DNA methylation at imprinted genes in mouse oocytes. Follicle culture performed under low methyl donor levels led to decreased antral follicle development (mean [SD] ]; P , 0.001). The methylation status of differentially methylated regions (DMRs) of four key imprinted genes was studied (by bisulphite sequencing) in normal-looking PB and germinal vesicle breakdown-arrested oocytes obtained from follicle culture under low methyl donor levels. DMRs of Snrpn, Igf2r, and H19 showed no alteration in DNA methylation, but at Mest DMR in PB oocytes, we found a significant reduction in DNA methylation compared to that in control follicle culture (DNA methylation, 89.9% and 98.2%, respectively; P ¼ 0.0014).
INTRODUCTION
For most genes, both alleles are actively transcribed and functionally equivalent. Genomic imprinting is an exception to this rule, because this phenomenon leads to sex-specific monoallelic expression of genes [1, 2] . Imprinted genes play important roles in embryo development and growth, placental differentiation, and neurobehavioral processes (for review, see [3] [4] [5] ) and are involved in human diseases like BeckwithWiedemann, Prader-Willi, and Angelman syndromes (for review, see [6] ).
Imprinted genes are differently marked by epigenetic modifications according to their parental origin such that a given parental allele is expressed while the other is repressed. DNA methylation of cytosine residues in cytosine phosphodiester bond guanine (CpG)-islands of differentially methylated regions (DMRs) is considered to be an important epigenetic mechanism for differentially marking the parental alleles of imprinted genes [7] . Imprints are erased in primordial germ cells [8, 9] and, afterward, are reset during gametogenesis in a sex-specific manner. In mice, imprinting is established at a specific time for each gene during postnatal oocyte growth [10] . In addition, DNA methylation has been shown to occur asynchronously at regulatory sequences of different imprinted genes, while oocytes are arrested at prophase I during the transition from primordial to antral follicle stages [11, 12] .
Full-term development is obtained provided that the differential DNA methylation of imprinted genes is accurately established during gametogenesis [13] and is subsequently maintained correctly despite genome-wide changes in DNA methylation during preimplantation development. It therefore may be anticipated that the manipulation of gametes during use of assisted reproductive technologies (ARTs) might interfere with the establishment and/or maintenance of imprinting. Likewise, in vitro embryo culture might lead to a failure of imprinting maintenance.
Several studies have indeed linked ARTs to aberrant imprinting. In vitro culture of preimplantation embryos was associated with aberrant imprinting in different species (for review, see [14] ). Furthermore, several studies have found a possible link between human ARTs and aberrant imprinting (for review, see [15] ).
We previously described normal DNA methylation patterns at regulatory sequences of Snrpn, Peg3, Igf2r, and H19 in mouse metaphase II (MII) oocytes after in vitro follicle culture from the early preantral follicle stage onward, thereby demonstrating that long-term follicle culture does not necessarily alter establishment of imprinting in oocytes [16, 17] . We used this system as a bioassay to determine the effects of follicle culture conditions on the establishment of imprinting in oocytes [16, 17] .
The methionine cycle plays an important role in DNA methylation processes. Methionine is actively transported into oocytes and converted into S-adenosylmethionine, the methyl donor for DNA methylation reactions [18] . Vitamin B 12 , folic acid, choline, and vitamin B 6 may also influence DNA methylation levels through their involvement in the methionine cycle [19] . Several studies have shown that dietary methyl donor levels might influence DNA methylation levels. In mice, supraphysiological maternal dietary methyl group supplementation (before and during pregnancy) induced a DNA hypermethylation at the viable yellow agouti and at the axin fused metastable epialleles in the offspring [20, 21] . A recent study in mice provided evidence that clinically relevant reductions in dietary inputs to the methionine/folate cycles during periconception can lead to widespread alterations in DNA methylation and a modified phenotype in offspring [22] . Furthermore, it has been shown that loss of imprinting at the Igf2-H19 locus (and global loss of DNA methylation) in human adults with hyperhomocysteinemia can be reverted by oral folate therapy, suggesting that DNA methylation at imprinted genes may also be influenced by methyl donor levels [23] .
Commercially available embryo culture media display an important variation in the levels of these methyl donors; for example, methionine levels vary from 0 to more than 100 lM [24] . The influence of medium methyl donor levels during follicle culture and in vitro maturation (IVM) on DNA methylation of regulatory sequences of imprinted genes is currently unknown. The a-minimal essential medium (a-MEM) we use for follicle culture (and for which we have previously described the establishment of normal imprinting) contains relatively high methyl donor levels. The aim of the present study was to determine the effects of low methyl donor levels in medium during follicle culture on follicle development, on oocyte maturation capacity, and on establishment of imprinting at four key imprinted genes in mouse oocytes. We hypothesized that low methyl donor levels in culture medium might interfere with the acquisition of DNA methylation at regulatory sequences of imprinted genes in oocytes. We therefore determined the DNA methylation status at DMRs of the Igf2r, Snrpn, Mest (also known as Peg1), and H19 imprinted genes in mouse oocytes obtained after long-term follicle culture in medium with low methyl donor levels. In mouse oocytes, acquisition of DNA methylation at regulatory sequences of Igf2r, Snrpn, and Mest was shown to occur during oogenesis in the postnatal growth phase [11] . At H19, DNA methylation is acquired in the male germ line [25, 26] . However, DNA methylation at H19 was studied to exclude the presence of cumulus cell contamination in the analyzed oocytes (paternal alleles from cumulus cells display a fully methylated pattern).
MATERIALS AND METHODS

In Vitro Follicle Culture
The present study was performed with F 1 mice (C57BL/6J 3 CBA/Ca; Charles River Laboratories) housed and bred according to the national standards for animal care and was approved by the Ethical Committee for Animal Experiments of the Vrije Universiteit Brussel (project 06-535-1).
The MII oocytes were obtained after in vitro follicle culture as described previously [27] . In brief, early preantral follicles with a diameter between 100 and 130 lm were mechanically isolated from the ovaries of 13-to 14-day-old F 1 mice in Leibovitz L15 medium (Invitrogen). The control follicle culture medium consisted of a-MEM (Invitrogen) supplemented with 5% heatinactivated fetal bovine serum (FBS; Invitrogen); 5 lg/ml of insulin, 5 lg/ml of transferrin, and 5 ng/ml of selenium (ITS; Sigma-Aldrich); and 10 IU/L of recombinant follicle-stimulating hormone (r-FSH; Gonal-F; Serono Benelux). Follicles were individually cultured in 75 ll of medium in 96-well plates (Costar) containing approximately 10 follicles/plate without oil overlay for a 12-day period in which grow to antral follicles. Follicles were cultured in an incubator at 378C, 100% humidity, and 5% CO 2 in air. Part of the medium (30 ll) was refreshed on Days 4, 8, and 12. At the end of the 12-day culture period, an ovulatory stimulus was given with 1.2 IU/ml of recombinant human chorionic gonadotropin (r-hCG; Ovitrelle; Serono Benelux) supplemented with 4 ng/ml of recombinant epidermal growth factor (r-EGF; Roche Diagnostics). Oocyte-cumulus cell complexes containing MII oocytes were collected into L15 medium 18 h after administration of r-hCG/r-EGF.
For the experimental condition, follicle cultures were set up under similar conditions but with varying levels of methyl donors and cofactors (methionine, vitamin B 12 , folic acid, choline chloride, and vitamin B 6 ). Part of the medium (30 ll) was refreshed on Days 4, 8, and 12 (as in the control condition), and the spent medium was pooled per plate for methyl donor measurements.
Effects of Methyl Donor Concentration on Follicle Survival, Follicle Development, Polar Body Rate, and Polar Body Oocyte Diameter
First, a number of follicle culture experiments were set up to determine the minimal concentrations of the methyl donors and cofactors in medium required to still allow some follicle growth and oocyte maturation to occur. Therefore, follicle cultures were set up under conditions similar to those of the control follicle culture (including the use of 5% FBS), except for the use of modified a-MEM without methionine, vitamin B 12 , folic acid, choline chloride, and pyridoxal. This low methyl donor medium (LMD medium) had been prepared for research use according to our instructions by the manufacturer (Lonza). Methionine, vitamin B 12 , folic acid, choline chloride, and pyridoxal were purchased at Sigma-Aldrich (oyridoxal hydrochloride, catalog No. P6155; vitamin B 12 , catalog No. V6629; folic acid, catalog No. F8758; L-methionine, catalog No. M5308; and choline chloride, catalog No. C7527) to allow for add back of the omitted components into the modified a-MEM medium. For the add-back condition, 1.5 mg of methionine, 0.14 mg of vitamin B 12 , 0.1 mg of folic acid, 0.1 mg of pyridoxal, and 0.1 mg of choline chloride were added to 100 ml of culture medium (LMDþMBFPC medium).
For FBS, a-MEM, and LMD medium, the same batches were used in all experiments. The follicle culture conditions, the number of follicle cultures, and the number of independent follicle cultures for each experimental condition are presented in Supplemental Table S1 (all Supplemental Data are available at www.biolreprod.org).
Follicle growth and oocyte maturation were monitored as described previously [28] . Follicle survival was defined as those follicles that could retain their oocyte completely embedded within the proliferating granulosa cell mass, and this was expressed as a percentage of follicles initially included in the experiments (at the moment of plating) [28] .
Oocyte diameters were compared between polar body (PB) oocytes grown and matured under control conditions (n ¼ 176) and PB oocytes grown and matured under reduced methionine levels (7 lM) and without the other four methyl donors added back (LMDþM medium), the condition used for DNA methylation analysis (n ¼ 164).
Methyl Donor Measurements
Methionine, vitamin B 12 , folic acid, and pyridoxal were measured in a-MEM with 5% FBS (as used in our control follicle culture system), in FBS, in LMD medium with 5% FBS, and in LMD medium with methionine, vitamin B 12 , folic acid, pyridoxal, and choline chloride added back in the concentrations as indicated to be present in control a-MEM (LMDþMBFPC medium).
Methionine, vitamin B 12 , and folic acid were also measured in set-up medium and spent medium pooled per 96-well plate (and immediately frozen at À208C until analysis) at each refreshment day for six 96-well plates from four independent follicle cultures with LMDþM medium (n ¼ 6 for each refreshment day). Furthermore, methionine levels were measured at Day 12 of culture for six 96-well plates from two independent follicle cultures under 7 lM methionine with the other four methyl donors in control condition levels (n ¼ 6).
For measurement of methionine, spent medium samples were deproteinated with sulfosalicylic acid (5 mg/ml) and filtered over microspin filters (pore size, 0.22 lm). Free amino acids were quantified by cation-exchange chromatography using a lithium citrate step-gradient and diaminobutyric acid as internal standard on a Biochrom 30 (Biochrom). Absorption at 570 nm of the methionine-ninhydrine conjugate was identified by retention time as compared to calibration mixture, and area under the curve was quantified using integrated peak area with EZ Chrom Elite software (VWR International).
For measurement of pyridoxal (the vitamin B 6 form that is added in a-MEM), protein precipitation was performed with trichloroacetic acid, and pyridoxal in the supernatant was converted by semicarbazide, separated by reverse-phase high-performance liquid chromatography, and detected by fluorometry as described previously [29, 30] .
Vitamin B 12 and folic acid were measured by the SimulTRAC B12/ FOLATE radioimmunoassay kit (MP Biomedicals, Diagnostics Division).
Bisulphite Sequencing
The oocytes used for the bisulphite sequencing experiments were obtained from four independent control follicle cultures and from three independent follicle cultures for the experimental condition, involving four mice per culture experiment.
Both PB and germinal vesicle breakdown (GVBD) oocytes for DNA methylation analysis were washed free from somatic cells by transfer through three washes of L15 medium with a mouth-controlled glass pipette. For the 378 control follicle cultures, approximately 100 PB oocytes were pooled per culture, and for the experimental follicle cultures, approximately 100 PB oocytes and another 100 GVBD oocytes were pooled per culture. Special care was taken that no cumulus cells should contaminate the oocyte samples. Furthermore, H19 methylation analysis was performed for each of the samples assessed for Snrpn, Igf2r, and Mest, and none of the oocyte pools showed a clone with a methylated pattern for H19 DMR, indicating that no cumulus cell contamination had occurred (paternal alleles display a fully methylated pattern).
DNA was extracted from the oocyte pools (containing ;100 oocytes/pool) using the QIAamp DNA Micro kit (Qiagen). Bisulphite treatment was performed with the EZ DNA Methylation kit (Zymogen Research). DNA was eluted in 10 ll of the kit's elution buffer, stored at À808C, and used within 2 wk for PCR.
For Snrpn and Igf2r, PCR was performed on one bisulphite-treated pool of 100 PB oocytes from one control follicle culture and on three pools of 100 PB oocytes and on two pools of 100 GVBD-arrested oocytes from three independent follicle cultures under reduced methyl donor levels (LMDþM medium). For Mest, PCR was performed on four bisulphite-treated pools of 100 PB oocytes from four independent control follicle cultures and on the three pools of 100 PB oocytes from the three independent follicle cultures with LMDþM medium. For Snrpn and Igf2r, PCR was performed on only one control follicle culture, because we have already described establishment of normal imprinting at these regulatory sequences in a large number of independent follicle culture experiments [16, 17] . We performed four independent control follicle cultures for Mest, because this region had not been investigated in our previous studies for the control follicle culture. We performed no PCR for Mest in GVBD oocyte pools, because results in PB oocytes indicated altered DNA methylation. For Snrpn and Igf2r, PB oocyte pool results showed no alterations. Therefore, GVBD oocytes were analyzed, because these were expected to be more severely affected by the low methyl donor levels in culture than the PB oocytes. We performed PCR for H19 on all the oocyte pools to exclude cumulus cell contamination.
Primer sequences for Snrpn DMR1, Igf2r DMR2, H19 DMR (containing the CTCF 1-2 region involved in imprinted expression of Igf2), and Mest promoter and exon 1 have been previously described [31] . We analyzed 16 CpG sites in a 422-bp fragment of H19 (GenBank accession no. U19619, nucleotides [nt] 1304-1726), 16 CpG sites in a 419-bp fragment of Snrpn (GenBank accession no. AF081460, nt 2151-2570), seven CpG sites in a 205-bp fragment of Igf2r (GenBank accession no. L06446, nt 796-1001), and 23 CpG sites in a 563-bp fragment of Mest (GenBank accession no. AF017994, nt 1089-1651) [31] .
Nested PCR with primers for bisulphite-treated DNA was performed for amplification of DMRs of the imprinted genes H19, Snrpn, and Igf2r as described previously [16] . For Mest, nested PCR was performed in a 50 ll of reaction containing 2 ll of bisulphite-modified DNA, 5 ll of 103 PCR buffer II, 10 ll of 2.5 mM MgCl 2 (Applied Biosystems), 10 ll of 2 mM dNTPs (Invitrogen), 0.5 ll of 6 lM for each primer solution, and 0.4 ll of AmpliTaq (Applied Biosystems). For the second round of PCR, 2 ll of the first-round sample were added to fresh reaction mix. Cycling conditions were denaturation for 4 min at 948C, followed by 35 cycles of 30 sec at 948C, 1 min at 558C, and 1 min at 728C; and a final 7 -min elongation step at 728C. PCR products were subcloned using the TOPO TA Cloning kit (Invitrogen) and sequenced as described previously [16] . For each oocyte pool, 12-16 clones were sequenced per gene using M13 Reverse and M13 Forward universal primers with the Big Dye Terminator kit and the ABI PRISM 3100 sequencer (Applied Biosystems). As a control for completeness of bisulphite modification, the conversion of cytosine residues outside CpGs was analyzed in each sequence. Cytosines outside CpGs are unmethylated and, therefore, should be converted by bisulphite treatment. Only sequences with greater than 95% bisulphite conversion of cytosine residues outside CpGs were included to exclude false results because of incomplete DNA modification by bisulphite.
Statistics
Day 12 follicle survival rate, Day 12 antral follicle rate, and PB oocyte rate were compared for differences between the control follicle culture and each of the reduced methyl donor conditions by Kruskal-Wallis test and Dunn multiple comparison test. PB oocyte diameters were compared for differences between the control follicle culture system and the in vitro follicle culture with LMDþM medium (used for DNA methylation analysis) by Mann-Whitney U-test. Methionine, vitamin B 12 , and folic acid levels were compared for differences between set-up medium and spent media at several refreshment days by oneway ANOVA and Tukey multiple-comparison test. For Snrpn, Igf2r, and H19, DNA methylation percentages of clones in PB ooyctes and in GVBD-arrested oocytes obtained after follicle culture with LMDþM medium were compared with those in PB oocytes from control follicle cultures by one-way ANOVA. For Mest, DNA methylation percentages of clones in PB oocytes obtained after follicle culture with LMDþM medium were compared with those in PB oocytes from control follicle cultures by Mann-Whitney U-test. Sequence polymorphisms (outside CpG sites) between clones with similar methylation patterns were examined to ensure that only different alleles were included in the statistical analysis of DNA methylation percentage between groups. To extend the number of different alleles from control follicle culture, results from previous publications (performed within the same time frame as the current experiments) were included in the current statistical analysis for H19, Snrpn, and Igf2r [16, 17] . Unless otherwise specified, values are presented as the mean (SD).
RESULTS
Methyl Donor Measurements in a-MEM, FBS, and LMD Medium
In Table 1 , the levels of methionine, vitamin B 12 , folic acid, and pyridoxal as specified by the manufacturer (for control a-MEM) and as measured in our laboratory are presented. For control a-MEM plus 5% FBS and for LMDþMBFPC medium plus 5% FBS, the very high levels of vitamin B 12 , folic acid, and pyridoxal were above the measurement range of the assays designed for use in serum; therefore, vitamin B 12 and folic acid were measured after a 1:1000 dilution. Importantly, levels measured in the LMD medium plus 5% FBS confirmed the very low levels of methyl donors compared to those in the control a-MEM plus 5% FBS. These low levels resulted from the added FBS for methionine and folic acid. However, extremely low levels of vitamin B 12 and pyridoxal might have been present in the LMD medium, because these levels exceeded 5% of the values present in FBS. First, follicles were cultured in LMD medium plus 5% FBS. This medium was unable to support follicle development up to the antral stage (see Supplemental Table S1 ). Moreover, follicle survival was severely affected when compared to the control follicle culture (follicle survival, 35.8% [9.7%] and 96.3% [5.2%], respectively; P ¼ 0.001). We subsequently performed an add-back experiment. As expected, for LMDþMBFPC medium, we found no significant differences in the antral follicle rate at Day 12 of culture, in follicle survival rate, or in PB oocyte rate when compared to the control follicle culture. The antral follicle rate in the control condition and in the add-back condition was 97.7% (4.3%) and 92.8% (7.2%), respectively; the follicle survival rate was 96.3% (5.2%) and 94.9% (7.4%), respectively; and the PB oocyte rate was 96.1% (7.1%) and 88.9% (13.6%), respectively (P . 0.05 for all three comparisons).
As a next step in our experiments, the importance of methionine for follicle development and oocyte maturation in medium replenished with vitamin B 12 , folic acid, choline chloride, and pyridoxal was evaluated by adding back methionine in decreasing concentrations (final [measured] concentrations of 87 lM [as in the control a-MEM þ 5% FBS], 45 lM, 22 lM, 11 lM, 7 lM, 4 lM, and 1.7 lM). Follicle survival rate at Day 12 of culture, antral follicle rate at Day 12 of culture, PB oocyte rate, and GVBD oocyte rate are presented in Figure 1 and in Supplemental Table S1 . These add-back experiments revealed that under the actual follicle culture conditions (with 5% FBS) and in the presence of control levels of the other four components, a minimal addition of methionine (final concentration, 4 lM) was required to obtain some follicle development up to the antral stage ( (Fig. 1) . Furthermore, triggering ovulation of these antral follicles was associated with a dramatic decrease in PB extrusion when compared to control conditions (PB oocyte rate, 20.5% [19.1%] vs. 96.1% [7.1%]; P , 0.001) (Fig. 1) . A concomitant increase in GVBD oocytes (GVBD rate, 40.8% [27.6%] vs. 3.6% [7.3%]; P , 0.05) was recorded (Fig. 1) . It was decided not to use these low methionine levels (4 lM) in experiments for DNA methylation analysis because of the drastic effects on follicle development and oocyte maturation, resulting in an extremely low PB oocyte yield for analysis.
As for follicle survival rates, the percentage was only significantly reduced compared to control follicle culture conditions when methionine levels fell as low as 1.7 lM (follicle survival, 96.3% [5.2%] and 66.6% [10.7%], respectively; P , 0.01) (Fig. 1) .
Follicle culture (with 5% FBS) using a-MEM containing low methionine levels (7 lM) and without any of the other four methyl donors (LMDþM medium) also led to decreased follicle development up to the antral stage (antral follicle rate, To determine whether the GVBD oocytes obtained under LMDþM medium were delayed in meiotic maturation or definitely blocked, 10 denuded GVBD oocytes (collected 18 h after administration of r-hCG/r-EGF) were incubated in L15 culture medium for another 6 h. None of these 10 GVBD oocytes seemed able to extrude a PB, suggesting a block rather than a delay in meiotic maturation.
Methyl Donor Measurements in Spent Culture Medium
Methionine, vitamin B 12 , and folic acid measurements in set-up medium and in spent medium, collected upon culture medium refreshment during follicle culture with LMDþM medium (condition used for DNA methylation analysis), are presented in Supplemental Figure S1 . We found no significant differences in vitamin B 12 and folic acid measurements. However, we noted a significant drop in methionine levels from set-up medium to spent medium collected upon Day 8 of culture Methionine levels were higher in spent medium collected at Day 12 for follicle culture under low methionine levels (7 lM) but containing the other four methyl donors in control condition levels compared to those for follicle culture under 7 lM methionine but without the other four methyl donors added back (LMDþM) (methionine levels, 1.9 [0.5] and 0.6 [0.6] lM, respectively; P , 0.005; results not shown).
Oocyte Morphology
Follicle culture with LMDþM medium (condition used for DNA methylation analysis) led to a high proportion of oocytes with morphological abnormalities. The different morphological abnormalities found in oocytes derived from follicle culture with LMDþM medium are depicted in Figure 2 . We found a large proportion of GVBD oocytes with vacuoles in the cytoplasm (Fig. 2b) , small GVBD oocytes with irregular cell membranes, GVBD oocytes displaying a gap between the oocyte cytoplasm and the zona pellucida, severely abnormal GVBD oocytes with cell fragmentation (Fig. 2c) , and GVBD oocytes with a protrusion (Fig. 2d) . However, most oocytes that reached the PB stage appeared morphologically normal (Fig. 2f) . For bisulphite analysis of GVBD oocytes, we only collected GVBD oocytes that appeared morphologically normal or that showed a protrusion but not the other, more severe abnormalities (e.g., vacuoles, cell fragmentation, or severely reduced oocyte diameter). For bisulphite analysis of PB oocytes, we only collected PB oocytes with normal morphological appearance. Follicle culture under the condition with 4 lM methionine and control levels of the other four components led to similar morphological abnormalities in GVBD oocytes (pictures not shown).
DNA Methylation Patterns at Mest in Cumulus Cells
PCR amplification on bisulphite-treated DNA is prone to PCR bias, most commonly resulting in preferential amplification of DNA stands that are unmethylated at CpG sites. Therefore, the DNA methylation analysis was validated on pools of approximately 100-200 cumulus cells for Snrpn, Igf2r, and H19 in a previous study [16] and for Mest in the current study. One PCR amplification was performed for Mest, and eight clones were sequenced. Both maternal alleles (.95% methylation at CpG sites in four clones) and paternal alleles (,5% methylation in four clones) could be amplified in the Figures 3A, 4A , 5A, and 6A. H19 was unmethylated in PB oocytes (0.3% methylation at potential methylation sites), and for Snrpn, Igf2r, and Mest, the percentage of methylation at CpG sites was 100%, 100%, and 98.6%, respectively.
PB and GVBD-arrested oocytes obtained after in vitro follicle culture with LMDþM medium. Results of DNA methylation analysis of DMRs of H19, Snrpn, Igf2r, and Mest are presented in Figures 3B, 4B , 5B, and 6B for PB oocytes and in Figures 3C, 4C , 5C, and 6C for GVBD oocytes. H19 was unmethylated in PB oocytes (0.2% methylation at potential methylation sites). For Snrpn, Igf2r, and Mest, the percentage of methylation at CpG sites in PB oocytes was 96.5%, 98.0%, and 90.4%, respectively. In GVBD oocytes, percentage methylation for H19, Snrpn, and Igf2r was 0.4%, 96.6%, and 382 100%, respectively. Compared to PB oocytes from control follicle cultures, no significant differences were found in percentage methylation of alleles for H19, Snrpn, and Igf2r in PB or in GVBD-arrested oocytes from follicle culture with LMDþM medium. However, for Mest DMR, the percentage of methylation was significantly lower in PB oocytes from culture with LMDþM medium compared to PB oocytes from control follicle cultures (methylation of alleles, 89.9% [4.9%] and 98.2% [2.2%], respectively; P ¼ 0.0014).
DISCUSSION
Follicle culture and IVM are new techniques with potentially important future applications for preservation of fertility. However, only limited information is currently available regarding the effects of follicle culture and IVM on the establishment of imprinting in oocytes. A study in humans suggested aberrant DNA methylation at the imprinted H19 gene in oocytes obtained from women undergoing ovarian stimulation followed by IVM [32] . A recent study in humans found a significant deficit in methylation at KCNQ1OT1 in MII oocytes from stimulated cycles matured in vitro [33] . That study suggests that ovarian hyperstimulation recruits early stage follicles with oocytes that might be unable to acquire full imprinting during the short IVM process, although cultureinduced effects on imprinting establishment could not be excluded [33] .
We previously described normal DNA methylation patterns at regulatory sequences of Snrpn, Peg3, Igf2r, and H19 in mouse MII oocytes after in vitro follicle culture from the early preantral follicle stage onward [16] . In oocytes from early preantral follicles, DNA methylation is not yet fully established at regulatory sequences of imprinted genes [11, 12, 16] . Therefore, the correct DNA methylation pattern of Snrpn, Peg3, and Igf2r suggested that imprints for these three genes are correctly established under the in vitro follicle culture conditions and maintained in MII oocytes harvested at 18 h post-hCG [16] . We previously used this follicle culture system as a bioassay to show that high doses of r-FSH, high ammonia levels, and mineral oil overlay during in vitro follicle culture did not alter DNA methylation at regulatory sequences of key imprinted genes [16, 17] .
In the present study, we confirmed a normal DNA methylation pattern at Snrpn and Igf2r in one pool and at H19 in four pools of approximately 100 MII oocytes after in vitro follicle culture under control conditions. Furthermore, we found the expected DNA methylation pattern at Mest in four pools of MII oocytes after in vitro follicle culture under control conditions. The timing of de novo methylation of DMRs during oogenesis differs for imprinted genes, with Mest acquiring methylation after Peg3, Igf2r, and Snrpn at a late stage in oocyte growth [11] . Consequently, Mest might be expected to be more vulnerable to culture-induced changes in DNA methylation. However, we found the expected DNA methylation patterns at Mest in MII oocytes after follicle culture from the early preantral stage onward.
We wanted to determine the effects of reduced methyl donor levels in medium during follicle culture on imprinting establishment at four key imprinted genes in mouse oocytes. We therefore used a low methyl donor a-MEM without methionine, vitamin B 12 , folate, choline chloride, and pyridoxal (LMD medium) prepared for research use by the manufacturer according to our instructions. When follicles were cultured in LMD medium plus 5% FBS, no follicle development up to the antral stage could be achieved. First, we determined the minimal levels of methionine required to obtain some follicle development up to the antral stage by add-back experiments with varying levels of methionine. We found that under the actual follicle culture conditions (with 5% FBS) and in the presence of control levels of the other four components, a minimal final concentration of 4 lM of methionine was required to obtain some follicle development up to the antral stage. Furthermore, this methionine level of 4 lM was associated with a dramatic decrease in PB oocyte rate when compared to control conditions and a concomitant increase in GVBD oocytes. Methionine is an essential amino acid for in vitro cell growth [34] . The minimal level of methionine required in follicle culture medium to obtain antral follicle development in the current study (4 lM) is equivalent to the minimal level of methionine (5 lM) required for limited cell growth in mouse fibroblast tissue culture [34] . This minimal methionine level of 4 lM was not used in experiments for DNA methylation analysis because of the drastic effects on follicle development and oocyte maturation, resulting in an extremely low PB oocyte yield.
Follicle survival rates were only significantly reduced compared to control follicle culture conditions when methionine levels dropped to even lower levels (1.7 lM). 
IMPRINTING IN MOUSE OOCYTES AFTER FOLLICLE CULTURE
Follicle culture (with 5% FBS) using a-MEM containing low methionine levels (7 lM) and not containing the other four methyl donors (LMDþM medium) also led to decreased follicle development up to the antral stage, a dramatic decrease in PB oocyte rate, and a concomitant increase in GVBD oocyte rate. However, these low methyl donor levels during culture did not affect the PB oocyte diameter. The GVBD oocytes obtained after follicle culture under LMDþM medium were removed from their surrounding cumulus cells and incubated in L15 medium for another 6 h. However, no PB extrusion occurred, suggesting a block rather than a delay in meiotic maturation. The latter follicle culture condition (LMDþM medium) was used for studying the establishment of imprinting in oocytes, because it showed substantial, though not too drastic, effects of low methyl donor levels on follicle development and PB oocyte rate.
Compared to follicle culture under the same methionine level (7 lM) but featuring the other four methyl donors in control condition levels, follicle culture under LMDþM medium resulted in comparable follicle survival rates and a comparable antral follicle rate on Day 12. However, the low levels of the other four methyl donors in LMDþM medium resulted in a dramatic decrease of the PB oocyte rate. Methionine levels were threefold higher in spent medium collected at Day 12 for follicle culture under low methionine levels (7 lM) but featuring the other four methyl donors in control condition levels than for follicle culture under LMDþM medium. The difference in PB oocyte rate between both conditions might therefore result from the different methionine levels in culture medium at the end of culture during oocyte maturation, although differences in levels of the other four methyl donors may also play a role. The lower methionine levels in culture medium at Day 12 in the absence of vitamin B 12 , folic acid, and choline chloride might result from the fact that these cofactors are involved in the recycling of homocysteine to methionine [19] . However, and to the best of our knowledge, it is currently unknown whether enzymes involved in homocysteine recycling are expressed in the mouse follicle.
Follicle culture under LMDþM medium (condition as used for DNA methylation analysis) led to a high proportion of GVBD oocytes with morphological abnormalities, including cytoplasmic vacuoles, small oocyte diameter, irregular cell membranes, gaps between the oocyte cytoplasm and the zona pellucida, and cell fragmentation. However, most oocytes that reached the PB stage appeared morphologically normal. For bisulphite analysis of GVBD oocytes, we only collected GVBD oocytes that appeared morphologically normal. Follicle culture under 4 lM methionine and control levels of the other four components led to similar morphological abnormalities in oocytes, suggesting that reduced methionine levels during culture are sufficient to cause the abnormal morphologic features.
Our results showed no alterations in DNA methylation patterns at the studied regulatory sequences of Snrpn, Igf2r, and H19 in PB oocytes and in GVBD-arrested oocytes, demonstrating that reduced methyl donor levels during follicle culture do not induce aberrant imprinting establishment at these studied regulatory sequences in oocytes. However, for Mest DMR, we noted a slight, but statistically relevant, reduction in DNA methylation at CpG sites in PB oocytes from follicle culture with LMDþM medium compared to those from control follicle conditions (median DNA methylation at alleles, 89.9% and 98.2%, respectively). The DNA methylation alterations under low methyl donor conditions were not the result of completely demethylated alleles but, rather, were located at a few CpG sites in the affected alleles. The biological significance of this small decrease in DNA methylation on imprinted gene expression is currently unknown. Future studies are necessary to determine the effects on Mest gene expression in embryos derived from fertilized oocytes obtained after follicle culture under low methyl donor levels.
DNA methylation of DMRs occurs asynchronously during oogenesis, with Mest acquiring methylation after Igf2r and Snrpn at a late stage in oocyte growth [11] . We found a 
384
significant decrease in methionine levels during follicle culture from the start to Day 8 of culture (mean, 7.2 and 3.1 lM, respectively) and a further drop from Day 8 to Day 12 of culture (mean, 3.1 and 0.6 lM, respectively). The decrease in methionine levels during follicle culture is probably caused by a consumption of the amino acid with increasing follicle growth. The extremely low levels of methionine at the latest stages of follicle culture (during which Mest acquires methylation) might explain the increased susceptibility of Mest to DNA methylation alterations.
The methyl donor levels in commercially available embryo culture media display a remarkably wide range-for example, ranging from 0 to 100 lM for methionine (Table 1) [24] . Likewise, some culture media contain no vitamin B 12 , folic acid, choline, and pyridoxal [24] and, therefore, rely on the addition of serum as a source of these compounds essential for cell growth and survival [34, 35] . The control a-MEM as used in the control follicle condition features relatively high levels of methyl donors compared to the reported range in commercially available embryo culture media ( Table 1 ). The experimental culture medium contained levels of methionine (7 lM), vitamin B 12 (0.28 lg/L), folic acid (0.64 lg/L), and pyridoxal (19 nM) that were approximately 14-, 5000-, 1500-, and 250-fold lower, respectively, than the control a-MEM levels. Moreover, these levels were also low compared to the reported rodent serum or plasma values for methionine (75 lM), vitamin B 12 (1.2 lg/L), folic acid (110 lg/L), and pyridoxal (700 nM) [36] [37] [38] [39] . It is therefore not surprising that the low methyl donor levels in the experimental condition represent a harsh condition inducing a reduction in antral follicle development, a dramatic reduction in PB oocyte rate, and morphological abnormalities. Surprisingly, however, DNA methylation at DMRs of key imprinted genes was not, or only minimally (Mest), affected, although less than 20% of DNA strands were analyzed per pool and aberrant DNA methylation occurring at a rate less than 20% might therefore have been missed. However, only oocytes with normal morphology were examined, and we cannot exclude that oocytes with abnormal morphology might have shown abnormal DNA methylation patterns.
Differential DNA methylation regulates the parent-oforigin-specific monoallelic expression of imprinted genes. However, besides DNA methylation, histone modifications might also mediate the effects of methyl donor deficiency on gene expression. A methyl-deficient diet modified histone methylation at promoters of the imprinted Igf2 and H19 genes and altered the expression of these genes in mouse prostate without however affecting DNA methylation at the studied gene promoter regions [40] . Moreover, a postweaning methyldeficient diet in mouse altered the expression of Igf2 without altering DNA methylation at DMRs of H19 and Igf2 [41] , again suggesting that changes in imprinted gene expression can occur without detectable changes in DNA methylation at known DMRs. Therefore, in a next step, it is necessary to determine the influence of methyl donor deficiency during follicle culture on imprinted gene expression in embryos derived from fertilized oocytes obtained after follicle culture under low methyl donor levels. Moreover, similar studies should be conducted in other species, because species differences in homocysteine remethylation pathways have been described between humans and rodents [37] .
Our results showing normal imprinting establishment in oocytes under different in vitro follicle culture conditions in the present and previous studies [16, 17] are in contrast with two human studies that found abnormal imprinted DNA methylation at H19 and at KCNQ1OT1 in oocytes after IVM [32, 33] and with a mouse study that showed in vitro follicle culture can lead to aberrant imprinting at Igf2r, Mest, and H19 in oocytes [42] . Several explanations are possible for the different findings in the studies cited above: 1) a different susceptibility of human and mouse oocytes, 2) differences in culture set-up, 3) the fact that superovulation preceded the IVM procedure in the human studies, 4) a different susceptibility of the different studied regulatory sequences, and 5) the fact that a possible bias by cumulus cell contamination occurring in some studies cannot be excluded.
Mouse studies have shown abnormal imprinting establishment at Snrpn, Peg3, Kcnq1ot1, and H19 in oocytes after superovulation [43, 44] . However, our findings of normal imprinting establishment for Snrpn, Igf2r, and H19 in oocytes obtained with high doses of r-FSH during follicle culture suggest that when oocytes from early preantral follicles are allowed to grow and mature for a time frame comparable to in vivo natural cycles (12 days in mouse), high doses of FSH in se do not interfere with normal imprinting establishment [16] . We therefore speculate that superovulation may rescue follicles that have entered the atresia pathway, resulting in poor quality oocytes, and/or that immature oocytes become ovulated from follicles that are smaller than normal preovulatory follicles, whereas both phenomena are not occurring during the synchronized in vitro follicle growth from the early preantral stage onward [27] .
Finally, future studies should examine whether in vitro follicle culture may cause a disruption of maternal-effect gene products subsequently required for genomic imprint maintenance during preimplantation development [44] .
In conclusion, under the current follicle culture condition, low concentrations of methyl donors during follicle culture led to a decrease in follicle development up to the antral stage and to a dramatic decrease in PB oocyte rate. Moreover, a large proportion of GVBD-arrested oocytes appeared morphologically abnormal. However, these harsh conditions did not affect DNA methylation at regulatory sequences of the imprinted Snrpn, Igf2r, and H19 genes in apparently morphologically normal PB and GVBD-arrested oocytes. At Mest DMR, we noted a small, though statistically significant, reduction in DNA methylation levels in PB oocytes.
